In the physics of condensed matter, quantum critical phenomena and unconventional superconductivity are two major themes. In electron-doped cuprates, the low upper critical field allows one to study the putative QCP at low temperature and to understand its connection to the long standing problem of the origin of the high-Tc superconductivity. Here we present measurements of the low temperature normal state thermopower (S) of the electron-doped cuprate superconductor La2-xCexCuO4 (LCCO) from x=0.11 to 0.19. We observe quantum critical / versus ( ) behavior over an unexpectedly wide doping range x = 0.15 -0.17 above the putative QCP (x=0.14) with a slope that scales monotonically with the superconducting transition temperature. The presence of quantum criticality over a wide doping range provides a new window on the criticality. The thermopower behavior also suggests that the critical fluctuations are linked with Tc. Above the superconductivity dome, at x=0.19, a conventional Fermi-liquid ∝ behavior is found for ≤40 K.
Introduction
A quantum critical point (QCP) arises when a continuous transition between competing phases occurs at zero temperature. The existence of a QCP has been suggested in a variety of exotic materials, in particular under the superconducting dome in high-Tc copper oxides (cuprates) [1] .
In strongly correlated materials displaying antiferromagnetic (AFM) order, such as heavy fermions, cuprates, and iron pnictides, quantum criticality is an important theme for understanding the low temperature physics and the superconductivity. In these materials it is believed that quantum fluctuations influence the physical properties over a wide temperature region above quantum critical point. In this region the system shows a marked deviation from conventional Landau Fermi-liquid (FL) behavior. The superconductivity (SC) in the cuprates may be governed by proximity to a QCP, although exactly how is still a mystery in spite of many years of intense research on these materials [1] [2] [3] [4] . In hole-doped cuprates, a QCP has been found to be associated with the disappearance of the pseudogap phase [5] [6] [7] , a phase of unknown origin. The electrondoped cuprates have a less complex doping phase diagram and a much lower magnetic critical field [8] , which allows the T→0 K normal state to be studied over the entire phase diagram. The absence of pseudogap physics, and other unidentified competing phases, allows the QCP to be attributed to the disappearance of AFM as doping is increased away from the Mott insulating state at x = 0 [9] . However, the relation between quantum criticality and the normal state behavior of the n-type (and p-type) cuprates is still an important open question.
In the past, the transport properties of the n-type cuprates near the AFM QCP have been studied primarily by electrical resistivity and Hall Effect measurements [10] and Shubnikov-de Hass oscillations [11, 12] . These experiments, along with ARPES [13, 14] , have given strong evidence for a Fermi surface reconstruction (FSR) at this AFM QCP, at a doping just above the optimal doping for superconductivity. In this Letter, we provide a surprising new insight on the quantum criticality via the first thermoelectric measurements in the field driven normal state of the electron-doped cuprate LCCO, for doping above and below the purported QCP. The temperature dependence of the thermopower at low temperatures provides a distinctive signature of quantum critical behaviour [15, 16] .
Results and discussions
The normal state thermopower (S) measurements have been carried out from 4-80 K on La2-xCexCuO4 thin films with doping from x = 0.11 to 0.17 in magnetic field of H>HC2. Detailed information on the preparation/characterization of these films and the thermopower measurement technique is given in the SI [17] , but also in [8] . Fig. 1a presents the data for S (T) at normal state below 80 K plotted as S/T versus T for x = 0.11 to 0.17. Similar data is found for several films at each doping. For x=0.11 and 0.13, S/T displays a strong temperature dependence and below a temperature TSmax becomes increasingly negative. This shows that electrons dominate the lowtemperature normal state thermopower for these dopings. The peak in S/Tdecreases from TSmax ≈ 27 K for x=0.11 to TSmax≈15 K for 0.13. In Fig. 2 we show the data of Fig. 1a plotted as S/T vs ln T for the doping x= 0.15, 0.16 and 0.17. For all the doping, the low temperature behavior of S/T goes as ln (1/T), with a deviation away from this dependence at higher temperature.
The dramatic change in the sign and magnitude of S/T from overdoped to underdoped region at 4 K is consistent with the Hall effect [18] , where the 4K value of RH is observed to change from negative for x < 0.14 to positive above x > 0.14. As shown in supplementary detected by neutron diffraction in other electron-doped cuprates [9] . For LCCO, AFM order has been detected by both in-plane angular magnetoresistance [19] and μSR experiments [20] .
Moreover, Quantum Oscillation [12] and ARPES [21] measurements have seen evidence for the reconstructed FS for x < 0.14. Further such measurements are needed to confirm the existence of the large hole-like FS for x > 0.14, as suggested by our thermopower and Hall experiments. Thus the experimental evidence to date suggests that there is an AFM QCP at x =0.14 for LCCO.
One expects that fluctuations associated with this QCP at T= 0 K will impact transport (and other properties) at finite temperatures above the QCP [2] . The most studied of these transport properties is the non-FL resistivity ( ~, with n<2) at low temperatures [22, 23] . In addition, in some heavy fermion materials a non-FL logarithmic temperature dependence of the low temperature thermopower has also been observed near a magnetic QCP [24] . This behavior of S(T)
has been interpreted to result from low energy quasi-two-dimensional (2D) spin fluctuations associated with the AFM QCP [15] . In this theory, the thermopower is given by
where, (0) is the density of states at the Fermi energy , 0 2 is the coupling between the electrons and the spin fluctuations, is the energy of the spin fluctuations. Here δ measures the deviation from the critical point, which depends on the experimental parameters like doping, pressure, or magnetic field that can be tuned to the critical point. When T is greater than zero, temperature dependent thermopower is given by S/T ∝ ln (1/T) in proximity to the QCP. Away from the critical point the thermopower shows a crossover to a Fermi-liquid behavior S/T ∝ as T decreases. As the critical point is approached, the quantum critical behavior S/T ∝ ln ( 1 ) can be observed in a limited T range.
Our thermopower data shown in Fig. 2 are in qualitative agreement with the Paul and Kotliar theory [15] at least down to 4 K. Surprisingly, we find S/T ∝ ln ( 1 )over a wide doping range, not just at the QCP, with no sign of a low temperature deviation towards S/T being constant at any doping. This suggests an "anomalous quantum criticality" in LCCO with a quantum critical region from x ≥ 0.14 to the end of the SC dome at xc ~0.175. Above xc we find conventional FL behavior S/T ∝ at x=0. 19 [ Fig. 1 (b) ]. To better understand the anomalous critical behavior in LCCO we have reanalyzed our prior thermopower data of the electron doped cuprate, Pr2−xCexCuO4 (PCCO) measured in the normal state [25] . In Fig. 3 we show the coefficient ( ) of the S/T logarithmic T dependence, obtained from fits to the low temperature regions with S/T ∝ ln (1/T), as function of doping for both LCCO and PCCO. A significant discovery of this work is that ( ) decreases with Tc as x increases and goes to zero at the doping where superceonductivity ends. From Eq. 1, ( ) depends mainly on the strength, g, of the coupling between the electrons and the spin fluctuations.
Therefore, the strength of this coupling appears to be directly linked to the electron pairing (and hence the magnitude of Tc) in the n-type cuprates. 
We use our data to estimate the Fermi temperature and the Fermi energy ( = / ) from the slope of S vs T. We find ϵF ≈ 10,000 K -1 , which is in agreement with prior estimates for n-type cuprates from other experiments [27] . The abrupt change in low temperature thermopower behavior from non-SC, x=0.19, to the lower SC dopings suggests that there is a dramatic change in the normal ground state in LCCO at the end of the SC dome (xc). Evidence for an anomalous critical behavior at xc has been reported [28] but not yet further investigated.
Summary
We have discovered an unexpected behavior of the low temperature thermopower (S/T ∝ ln (1/T)) in the normal state of the electron-doped cuprate La2-xCexCuO4 (LCCO) over an extended doping regime (x) above the Fermi surface reconstruction at x =0.14. This suggests an anomalous quantum critical behavior in this system. Significantly, the magnitude of the slope of the logarithmic-in-T thermopower scales with the superconducting Tc, with both going to zero at the end of the superconducting dome. This suggests an intimate link between the quantum critical fluctuations and the Cooper pairing. We find a similar behaviour in another n-type cuprate, PCCO, strongly indicating that this is a universal behaviour in the electron-doped cuprates. 
Thermopower measurements technique
The thermopower has been measured using two heater-two thermometer technique [25] . It Figure S1 shows the Hall coefficient, RH (T) of LCCO film as a function of temperature with x = 0.13 at an applied magnetic field of 14 T measured from 100 to 1.8 K. The Hall coefficient is found to drop below T ≃ 15 K and becomes negative below T ≃ 8 K. The Hall coefficient for x=0.11 shows similar behavior and is also negative at lower temperature. The data are in good agreement with prior data for x=0.11 and 0.13 [18] . This drop is closely linked to the onset of spin density wave order. is the temperature below which Hall coefficient starts to fall at lower temperature to reach negative values (arrow). This is another signature of the FSR. The prior Hall data of LCCO as a function of doping shows that the normal-state Hall coefficient suddenly drops and changes sign between 0.13 and 0.14 [18] . The phase diagram in Fig. S2 shows the doping evolution of TSmax (obtained from Fig. 1 (a) ) with their uncertainty. Extrapolating this trend yields TSmax =0 at x=0.14. According to the Hall Effect studies at 400 mK, La2-xCexCuO4 with x=0.14 has been suggested to be the critical doping where the normal state Fermi surface is known to undergo a reconstruction [18] . Figure S2 
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